Background Information: N-cadherin, a member of the Ca 2+ -dependent cell-cell adhesion
Introduction
Cadherins are transmembrane receptors that mediate calcium-dependent cell-cell adhesion. They play essential roles during embryonic development and in the maintenance of tissue architecture in adult life. They are involved in differentiation, cell growth and migration. Formation of cellcell contacts is a multi-step process that includes cadherin association with catenins, delivery of cadherin-catenin complexes to the plasma membrane, lateral diffusion in the plasma membrane toward the cell-cell contact sites, cadherin oligomerization, homotypic interactions and cadherin complexes association with the actin cytoskeleton. Much attention has been focused on the role of cytoplasmic proteins, such as the Rho family small GTPases, in cadherin-dependent adhesion, as they might regulate this process at different steps. Indeed, the Rho GTPases are well known for their pleiotropic activities on the actin cytoskeleton, vesicular trafficking, protein phosphorylation and gene transcription (Schwartz, 2004) . Members of this family of GTPbinding proteins have emerged as key mediators of cadherin activities (Fukata and Kaibuchi, 2001; Braga, 2002) . Nevertheless, the involvement of each Rho family small GTPase in cell-cell adhesion differs, depending on the cellular context and the maturation status of the junction (Braga et al., 1997; Kuroda et al., 1997; Takaishi et al., 1997; Jou and Nelson, 1998; Braga et al., 1999; Yap and Kovacs, 2003) . Moreover, the mechanisms that regulate the establishment of cellcell adhesion, and the role of the Rho family small GTPases have been extensively studied in epithelial or endothelial cells, while not as many data are available for other cell types. This is the case for the skeletal muscle cells, in which cadherins play important roles at different steps of skeletal muscle biogenesis. In particular, N-cadherin is expressed early in the somites, myotome and limb buds, and is down-regulated as synaptogenesis and secondary myogenesis proceed (Duband et al., 1987; Hatta et al., 1987; Linask et al., 1998) . N-cadherin-dependent inter-cellular hal-00216159, version 1 -24 Jan 2008 adhesion has a major role in cell cycle exit and in the induction of the skeletal muscle differentiation programme (George-Weinstein et al., 1997; Goichberg & Geiger, 1998; Mege et al., 1992; Redfield et al., 1997; Knudsen, 1990; Cinnamon et al., 2006) . N-cadherin triggers signalling events that promote the commitment to myogenesis through RhoA positive and Rac1 negative regulation . In myoblasts, RhoA activity is required for β-catenin accumulation at cell-cell contact sites, another event involved in myogenic induction (Goichberg et al., 2001; Charrasse et al., 2002) . These crosstalks between cadherin and Rho GTPases appear to be important both during myogenesis and during pathological development of rhabdomyosarcoma (RMS). In fact, it has been shown that in RMS-derived cell lines N-cadherin is either down-regulated or mislocalized and Rac1 is constitutively activated Charrasse et al., 2004) .
Since Rho signalling plays an important role in the formation and/or maintenance of cadherindependent adhesion and this function varies according to the type of cells and cadherins studied, it becomes important to specifically analyse the role of Rac1 and RhoA in N-cadherin-dependent cell-cell contact formation in C2C12 myoblasts. Hence, in this study, we focus on three important questions that have not yet been addressed in the literature. First, we detail the morphological organisation of the N-cadherin-dependent cell-cell contact formation in C2C12 myoblasts.
Second, we analyse Rac1 role in N-cadherin-dependent cell-cell contact formation, and finally we focus on the role of RhoA in this process. Our results reveal that in C2C12 myoblasts Rac1 and RhoA have opposite effects. Expression of an activated form of Rac1 disrupts the formation of N-cadherin-dependent cell-cell contacts, whereas activated RhoA reinforces it. In addition, we show that RhoA, but not Rac1, is absolutely required for N-cadherin-dependent cell-cell contact formation.
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Results
Formation of cell-cell contacts between myoblasts
Two distinct stages have been observed during cell-cell contact formation in myoblasts: the AJ1 step, which corresponds to a developing cell-cell contact and the AJ2, relative to an already established contact (Causeret et al., 2005) . To better understand the organization of the cell-cell contacts at these stages, C2C12 myoblasts were analysed for N-cadherin and F-actin distribution ( Figure 1 ). In developing cell-cell contacts we always observed overlapping lamellipodia (panels a-c), which gradually disappear to give rise to interdigitated membranes (panels d-f). Filopodia are also visible albeit to a lesser extent (arrows in panel a', b'). N-cadherin is found at the cellcell contacts, as early as the AJ1 stage, and is accumulated during the AJ2 stage. The AJ2 stage is characterised by the presence of actin stress fibres between the two adjacent cells at the end of which N-cadherin is found (panels d-f).
This transition from the AJ1 to AJ2 stage can be observed upon induction of calcium-dependent intercellular adhesion. Cadherins require Ca 2+ to form homophilic cell-cell adhesions ; thus, Ca 2+ chelation with EGTA, followed by a new addition of Ca 2+ , offers a straightforward method to study the dynamics of cell-cell contact formation (Volberg et al., 1986; Charrasse et al., 2002) . 
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Antagonistic effects of Rac1 and RhoA on N-cadherin-dependent cell-cell contact formation
We analysed the effects of RhoA and Rac1, two important Rho GTPases, on N-cadherindependent cell contacts formation during myoblast differentiation or transformation (Meriane et al., 2000; Charrasse et al., 2002; Meriane et al., 2002) .
We first analysed the effects of the expression of constitutively active or dominant negative Rac1 mutants (GFP-Rac1V12 and GFP-Rac1N17, respectively) on the N-cadherin-dependent cell-cell contact formation ( 
We next analysed the effects of the expression of constitutively active or dominant negative
RhoA mutants (GFP-RhoAV14 and GFP-RhoAN19, respectively) on N-cadherin-dependent cellcell contact formation ( Figure 3A ). Expression of RhoAV14 increased the accumulation of Ncadherin at the cell-cell contacts (panels a-e), whereas RhoAN19 decreased its accumulation and favoured the formation of AJ1-type cell-cell contacts (panels f-j). We also examined the effects of the expression of these RhoA mutants during the restoration of cell-cell adhesion after disruption by chelation of the extracellular Ca 2+ ( 
cell-cell junctions
To understand the mechanism by which Rac1 and RhoA regulate N-cadherin accumulation at the cell-cell contact sites, we first used a biotinylation assay to analyse the presence of N-cadherin at the cell surface. We analyzed both total and cell surface biotinylated N-cadherin in control and Rac1V12, Rac1N17, RhoAV14 and RhoAN19-expressing myoblasts. The histogram shows the level of biotinylated N-cadherin normalised to the amount of total cellular N-cadherin ( Figure   4A ). No non-biotinylated N-cadherin binding to streptavidin beads was observed (data not shown). These figures led us to conclude that neither the activation nor the inhibition of Rac1 or RhoA modify the amount of N-cadherin at the plasma membrane and suggested that they only regulate the regional distribution of N-cadherin at the cell surface.
To analyse whether the expression of Rac1 and RhoA affects the assembly dynamics of Ncadherin at the cell-cell contacts, we performed fluorescent recovery after photobleaching (FRAP) experiments and measured the diffusion coefficient (D) and the mobile fraction (M) of N-cadherin/GFP in living C2C12 myoblasts. We first examined the N-cadherin/GFP dynamics during cell-cell contact establishment, which correspond to the transition from the AJ1 to AJ2 stage. As previously reported, we observed a decrease in the lateral diffusion and the mobile fraction of N-cadherin/GFP at the AJ2 cell-cell contacts ( Figure 4B and C) (Causeret et al., 2005) . The expression of RFP-Rac1V12 led to an increase in the mobile fraction and lateral mobility of N-cadherin/GFP. In contrast, expression of RFP-RhoAL63 (i.e. constitutively active RhoA) decreased the mobile fraction and lateral mobility of N-cadherin/GFP. These opposite effects of the constitutively active forms of Rac1 and RhoA are illustrated on the recovery curves immediately before photobleaching and immediately after photobleaching and at the indicated times after recovery ( Figure 4D ). These data suggest that the expression of active Rac1 and RhoA have opposite effects on the stability of N-cadherin at the cell-cell contacts, since Rac1 increases and RhoA decreases the lateral diffusion and mobile fraction of N-cadherin at the cell-cell contacts.
N-cadherin-dependent cell-cell contact formation is regulated by the ROCK/MLCK/Myosin 2 pathway
In order to better understand the mechanisms of N-cadherin association at the cell-cell contacts, we have tested various drugs acting on the N-cadherin localisation at these sites at steady state or using the Ca 2+ switch protocol described in Figure 1B . As summarized on Table 1 , we have been able to identify conditions, which either destabilize or stabilize N-cadherin at the cell-cell contacts in myoblasts. Particularly, inhibition of either the serine/threonine Rho-associated kinase ROCK, using Y-27632, or Myosin Light Chain Kinase (MLCK), with ML-7, or of its substrate
Myosin 2, with blebbistatin, impaired N-cadherin accumulation at the cell-cell contacts ( Figure   5A ). These results are comparable to those obtained in Rac1V12 or RhoAN19-expressing cells (Figure 2 and 3, respectively), or after addition of an anti-N-cadherin antibody raised against its extracellular domain . None of these drugs affected the total cellular level of N-cadherin or the amount expressed at the cell surface, which were measured using a biotinylation assay ( Figure 5B ).
We also analysed the effect of these drugs on the assembly dynamics of N-cadherin at cell-cell These data indicate that the inhibition of the ROCK/MLCK/Myosin 2 pathway caused the loss of N-cadherin from the cell-cell contacts and its redistribution on the cell surface, away from these sites. This was accompanied by an increase in both N-cadherin lateral diffusion and mobile fraction at the cell-cell contacts.
RhoA promotes N-cadherin-dependent cell-cell contact formation in rhabdomyosarcoma cells
The results outlined above suggest that RhoA is a key regulator of the assembly of N-cadherindependent cell-cell contacts. We, therefore, decided to investigate whether RhoA could promote Figure 6B ). Moreover, a statistical analysis showed that Ncadherin localization at the cell-cell junction is significantly induced by RhoAV14 but not Rac1N17, Rac1V12 or RhoAN19 ( Figure 6C ).
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Discussion Our kinetics analysis of N-cadherin-dependent cell-cell contact formation in C2C12 myoblasts shows a spatio-temporal reorganization of plasma membranes and cortical actin. The first step corresponds to the extension of a large lamellipodium and to a lesser extent to filopodia formation. Such lamellipodia were also described in epithelial cells, such as MDCK, whereas, in keratinocytes, the filopodia initiate the cell-cell contact formation (Vasioukhin and Fuchs, 2001; Ehrlich et al., 2002) . In myoblasts, N-cadherin is homogeneously distributed in the plasma membrane during this first step of cell-cell contact formation in myoblasts (AJ1). By contrast, during the second step (AJ2), N-cadherin appears to be clustered in the interdigitated membrane structures, which are also membrane attachment sites for F-actin filaments (Figure 7 ). These clustered cadherin receptors are called puncta, plaques or adhesion zippers in epithelial cells and are characterised by interdigitation of neighbouring membranes and actin recruitment (Adams et al., 1998; Vasioukhin et al., 2000) . In epithelial cells, but not in myoblasts, further reoganization occurs in the formation of a cortical actin ring important to generate a polarized epithelial morphology (Adams et al., 1998; Zhang et al., 2005) . Fluorescence recovery after photobleaching (FRAP) and single particle tracking (STP) studies have shown that the formation of these structures, in which cadherins are clustered, is accompanied by the immobilisation of the cadherin receptors (Kusumi et al., 1993; Adams et al., 1998; Sako et al., 1998; Causeret et al., 2005) . Amongst the different factors that regulate this stabilization process, homophilic interactions, association to the detergent-resistant membrane microdomains and a dynamic change in cadherin-cytoskeleton interactions were identified during cell-cell contact formation (Sako et al., 1998; Causeret et al., 2005) .
Rho family small GTPases, well known regulators of cytoskeleton dynamics, particularly Rac1
and RhoA, are involved in the regulation of cadherin-mediated cell-cell adhesion (Fukata and Kaibuchi, 2001 ). However, their effects appear different regarding the type of cadherin and/or the cellular context in which the cadherin is expressed. It was, thus imperative to analyse the role of Rac1 and RhoA in N-cadherin-dependent cell-cell contact formation in myoblasts. Both Rac1/RhoA GTPases and cadherin-based cell adhesion are key regulators of the physiopathology of skeletal muscle development (Charrasse et al., 2003) . Skeletal myogenesis is a temporally and spacially regulated multi-step process, which involves cell-cell interactions. In particular, Ncadherin-dependent intercellular adhesion plays a major role in the induction of the skeletal muscle differentiation program (George-Weinstein et al., 1997; Goichberg and Geiger, 1998; Charrasse et al., 2002) . In this study we have focussed on the role of Rac1 and RhoA in Ncadherin-dependent cell-cell contact formation.
A constitutively active form of Rac1 inhibited the formation of N-cadherin-dependent cell-cell contact by blocking the AJ1 to AJ2 transition. FRAP analysis showed that the active form of Rac1 increases N-cadherin diffusion at the cell-cell contacts as does the disruption of homophilic interaction, F-actin cytoskeleton or lipid rafts (Causeret et al., 2005) . Rac1 is well known to induce the disassemby of actin stress fibers and the remodeling of cortical actin and might thus inhibit the anchoring of N-cadherin to the actin cytoskeleton (Ridley et al., 1992) . Nevertheless, in a previous study using N-cadherin-coated beads, it has been mentioned that the active form of Rac1 did not alter their anchoring to the cytoskeleton (Lambert et al., 2002) . This discrepancy might come from the analysis of different cellular compartment. Indeed, our analysis is performed on the pool of N-cadherin at the cell-cell contact whereas N-cadherin-coated beads were applied on the lamellipodia of motile myogenic C2 cells. The expression of a dominant negative Rac1 showed no effects on N-cadherin-dependent cell-cell contacts, suggesting that it hal-00216159, version 1 -24 Jan 2008
does not alter the structure nor destabilize the preexistent complexes. However, upon induction of cell-cell contacts formation we observed that its expression impaired the formation of the AJ1
and delayed the appearance of the AJ2 stage. On the whole, these data show that active Rac1 might be involved in the initiation of cell-cell contact through the formation of lamellipodia extensions which increases the surface area between contacting membranes and also through the increase in the lateral diffusion of N-cadherin in the contacting membranes, both events favouring cadherin homophilic interactions at this place. Thus, Rac1 activity is not required for, but facilitates, the formation of N-cadherin-dependent cell-cell contacts in myoblasts, since they form with a slower kinetic in myoblasts which express the dominant negative Rac1. A similar role for Rac1 was reported in E-cadherin-dependent cell-cell contact formation in MDCK cells or by using a reconstituted E-cadherin-dependent cell-cell adhesion assay, whereas in keratinocytes Rac1 seemed to be required for the establishment of E-cadherin-dependent cell-cell contacts (Braga et al., 1997; Takaishi et al., 1997; Jou and Nelson, 1998; Ehrlich et al., 2002; Chu et al., 2004) .
In contrast to Rac1, RhoA is absolutely required for N-cadherin-dependent cell-cell contact formation in myoblasts. The initial recognition of N-cadherin at cell-cell contacts and actin recruitment at new junctions can occur in the absence of RhoA activity, but without progression toward the AJ2 stage. The constitutively active form of RhoA increases the accumulation of Ncadherin at the cell-cell contact sites along with the reinforcement of the F-actin fibres at these sites. This contrasts with the effect of RhoA on M-cadherin and again illustrates that similar perturbations of GTPase activity had a differential effect on N-or M-cadherin (Charrasse et al., 2006) . FRAP analysis demonstrates that the expression of the constitutively active form of RhoA decreases the mobility and the size of mobile fraction of N-cadherin at the cell-cell contact.
Nevertheless, the constitutively active form of RhoA delays the formation of the established cell-
cell contacts (AJ2) probably because it also impairs the formation of AJ1 stage. In summary, initial cell-cell contact formation (AJ1) is facilitated by Rac1 activity, whereas it is impaired by high RhoA activity. Conversely, formation of mature N-cadherin-dependent cell-cell contacts (AJ2) requires RhoA activity, but is impaired by Rac1 activation. Thus, Rac1 and RhoA have opposite effects on N-cadherin-dependent cell-cell contact formation in C2C12 myoblasts and act sequentially to allow its formation.
Since in myoblasts Rac1 activation and lamellipodia formation at the cell-cell contact sites are independent of N-cadherin activity , and RhoA, but not Rac1, is required for the formation of N-cadherin-dependent cell-cell contacts (this study), we, thus, focussed our attention on the role of RhoA downstream pathways in N-cadherin-dependent cell-cell contact formation in myoblasts. We found that RhoA signalling through its effector ROCK, which activates Myosin 2 by inhibiting myosin phosphatase and also by phosphorylating myosin light chain (MLC) (Amano et al., 1996; Kimura et al., 1996) , is required for the AJ1 to AJ2 transition.
The role of Myosin 2 in N-cadherin-dependent cell-cell contact formation is also supported by its direct or indirect inhibition with blebbistatin or ML-7, respectively. We show that the RhoA/ROCK/Myosin 2 pathway exerts a positive effect on N-cadherin stabilization at the cellcell contacts and on the AJ1 to AJ2 transition, possibly due to the role of Myosin 2 in actin bundles formation and actin contractility, which might support lateral cadherin clustering. Even though a similar positive contribution of Myosin 2 to the cadherin function has been reported (Shewan et al., 2005) , other studies have implicated this protein in processes that negatively affect cadherin activity (Sahai and Marshall, 2002; Avizienyte et al., 2004) .
Cell-cell junctions often become disrupted as tumours progress to high-grade advanced disease.
Rho GTPases have been implicated in multiple steps during cellular transformation, including alterations on the adhesion status of tumor cells (Lozano et al., 2003) . Rhabdomyosarcomas
(RMS) are tumours of skeletal muscle origin that represent 5-10% of childhood cancers and more than 50% of the paediatric soft tissue sarcomas (Merlino and Helman, 1999) . Rac1 was found constitutively activated in RMS-derived cell lines , where a loss of Ncadherin from the cell contacts in these cells has been described (Charrasse et al., 2004) . This is consistent with our data, which show that constitutive Rac1 activation decreases N-cadherin stabilization at the myoblast contact sites and inhibits AJ1 to AJ2 transition. Nevertheless, Ncadherin localization at the cell-cell contact in RMS-derived cell line was only partially restored by the expression of a dominant negative Rac1, suggesting that other pathways are involved. This is also supported by data showing that expression of an active RhoA in RMS cells does not decrease the overall Rac1 activity (data not shown). Moreover, RhoA activation, which promotes actin bundle formation and N-cadherin stabilization at the cell-cell contact sites in myoblasts, also favours N-cadherin-dependent AJ formation in a RMS-derived cell line. This is in contrast to data obtained in epithelial tumours, where RhoA/ROCK signalling destabilizes cell junctions by increasing contraction forces (Zhong et al., 1997; Sahai and Marshall, 2002) , and again emphasises that we must precisely analyse the role of Rho GTPases on adherens junction formation in all different cell systems. hal-00216159, version 1 -24 Jan 2008 During the establishment of cell-cell contacts a transition from AJ1 to AJ2 is observed, which is also observed upon induction of calcium-dependent intercellular adhesion achieved as described in the first line.
Several drugs (Y27632, BDM, ML7 and blebbistatin), constitutively active Rac1 (Rac1V12), dominant negative RhoA (RhoAN19) or inhibition of N-cadherin-dependent cell-cell contacts using antibody against the extracellular domain of N-cadherin favours the formation of AJ1-type cell-cell contacts and the inhibition of the AJ1 to AJ2 transition.
Expression of constitutively active RhoA (RhoAV14) or dominant negative Rac1 (Rac1N17) impairs the appearance of the AJ1 stage and delays the AJ2 stage. RhoAV14 increases Ncadherin accumulation at the cell-cell contacts.
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